Autoreactive B cells can be regulated by deletion, receptor editing, or anergy. Rheumatoid factor (RF)-expressing B lymphocytes in normal mice are not controlled by these mechanisms, but they do not secrete autoantibody and were presumed to ignore self-Ag. Surprisingly, we now find that these B cells are not quiescent, but instead are constitutively and specifically activated by self-Ag. In BALB/c mice, RF B cells form germinal centers (GCs) but few Ab-forming cells (AFCs). In contrast, autoimmune mice that express the autoantigen readily generate RF AFCs. Most interestingly, autoantigen-specific RF GCs in BALB/c mice appear defective. B cells in such GCs neither expand nor are selected as efficiently as equivalent cells in autoimmune mice. Thus, our data establish two novel checkpoints of autoreactive B cell regulation that are engaged only after initial autoreactive B cell activation: one that allows GCs but prevents AFC formation and one that impairs selection in the GC. Both of these checkpoints fail in autoimmunity.
H
igh autoantibody titers are a hallmark of systemic autoimmune diseases such as rheumatoid arthritis (RA) 3 and systemic lupus erythematosus (SLE) (1, 2) . This must represent a breakdown of tolerance mechanisms that normally regulate autoreactive B cells. Central tolerance prevents the development of high-affinity self-reactive B cells. Mechanisms of central tolerance, such as deletion, anergy, and receptor editing, were demonstrated using mice with Ig transgenes (Tg) specific for artificial autoantigens, like hen egg lysozyme or MHC class I proteins (3) (4) (5) (6) . There are also peripheral tolerance mechanisms for B cells (7) , but these are much less well defined. To initiate systemic autoimmunity, either central tolerance mechanisms must be overcome or mechanisms that regulate peripheral B cells must break down.
Our laboratory and others have used Ig-Tg models to study how B cells specific for disease-related self-Ags are regulated (8 -15) . In SLE, only certain Ags efficiently elicit autoreactive B cells: chromatin, ribonucleoproteins, and IgG (2, 16) . These autoantigens must have special properties that render them preferred targets when immune regulation is abnormal. These properties, which include the ability to provide an endogenous ligand for certain Toll-like receptors (17, 18) , are currently being elucidated. It is thus important to study B cells specific for relevant autoantigens. We have focused on the regulation of rheumatoid factor (RF)-expressing B cells that bind to the constant region of Ig (19) . RFs are prevalent in RA patients but are also produced by patients with a number of other systemic autoimmune diseases such as Sjogren's syndrome, mixed cryoglobulinemia, and SLE (2, 20, 21) , and by Fas-deficient lpr mice (22) .
To study RF B cells, we have used AM14 H chain Tg mice. When this H chain is paired with a Tg-encoded or endogenous V8 L chain, the result is an Ab that binds the Fc portion of IgG2a a , but not IgG2a b (23) . The AM14 Tg mouse is an ideal model because it combines specificity for a disease-related autoantigen and the ability to study the regulation of the B cells in the presence or absence of autoantigen (in IgH a or IgH b congenic mice). This Tg system uniquely allows for measurement and control of the presence or absence of a disease-related autoantigen. This ability is useful for distinguishing specific from nonspecific B cell activation. We have found that B cells in autoantigen-positive (IgH a ) BALB/c mice Tg for both the AM14 H and L chains were neither anergized nor deleted during development (23, 24) . However, in Fas-deficient H and HL Tg mice, RF B cells differentiated into numerous Ab-forming cells (AFCs). The formation of AFCs was autoantigen-driven, because IgH b congenic mice that lacked the autoantigen failed to produce RF AFCs (25) . We have recently further investigated the fates of RF B cells in autoimmune-prone mice, revealing a dominant short-lived plasmablast response (26, 27) . However, the differences between RF B cell fates as revealed by our recent studies of MRL/lpr mice and our earlier work on BALB/c mice (23, 24) indicated the presence of additional mechanisms that regulate naive but fully developed RF B cells. These mechanisms are presumably intact in BALB/c mice but are breached in MRL/lpr mice.
In this study, we have used the AM14 model to identify these mechanisms by comparing the regulation of RF B cells in MRL/lpr to the BALB/c and MRL ϩ/ϩ strains. We found that normal BALB/c mice do not have RF AFCs; at this level, the mice remain apparently self-tolerant. However, we were surprised to find that despite the lack of RF AFCs, RF B cells are not quiescent in BALB/c mice. Rather, they actively participate in germinal centers (GCs). Importantly, this activation of RF B cells is autoantigenspecific, because it is absent in the autoantigen-negative IgH BALB/c mice compared with those from autoimmune mice revealed a failure to efficiently select and expand RF B cell clones. Overall, our data show that Ag-specific autoimmunity can proceed much further than originally thought even in normal animals, but that diversion from AFC production and regulation in the GC can prevent the pathologic consequences. 
Materials and Methods

Mice
Histology
Cells were stained as described previously (29) . The following Abs were used: 4-44 FITC (anti-Id), anti-CD21/35-biotin (CR1; BD Pharmingen), peanut agglutinin (PNA)-biotin (Vector Laboratories), 30H12-biotin (anti-CD90.2), and 30H12-FITC. Unless purchased as indicated, Abs were made and conjugated as described previously (23) . For immunohistochemistry, anti-FITC-alkaline phosphatase (Molecular Probes) and streptavidin-HRP (Southern Biotechnology Associates) were developed with Fast Blue BB or 3-amino-9-ethyl-carbazole (Sigma-Aldrich), as described previously (24) .
ELISPOTs
ELISPOTs were performed as described previously (24) .
Sequencing
4-44
ϩ clusters were microdissected from stained sections, V8/J4 rearranged DNA amplified with PFU Turbo (Stratagene), cloned, and sequenced as described previously (25) . Sequences were aligned using Lasergene DNA analysis software (DNASTAR), and all mutation data was compiled into a custom database program written in Filemaker Pro for further statistical analysis.
Cell isolation and FACS analysis
FACS analysis was performed as described previously (24) . The following Abs were used: 4-44-biotin (anti-Id), 4-44-Alexa 488, anti-phagocytic glycoprotein-1-FITC (anti-CD44), anti-CD80-PE (BD Pharmingen), anti-CD22.2-FITC (BD Pharmingen), and anti-CD22.2-PE (BD Pharmingen). Streptavidin-allophycocyanin (Serologicals) was used to detect biotinylated reagents. Propidium iodide was used to detect dead cells. (23, (25) (26) (27) ). This population is detected by the mAb 4-44, which is specific for the AM14 H chain when combined with one of two homologous V8 genes, each of which confers RF specificity. H Tg mice are ideal to study how an autoreactive B cell is regulated because of the ease of detecting clonal expansion and activation of RF B cells.
Immunizations
To determine how autoantigen determines the fate of RF B cells in normal (BALB/c), autoimmune-prone (MRL ϩ/ϩ), or autoimmune-prone/Fas-deficient (MRL/lpr) mice, spleens and mesenteric lymph nodes (MLNs) of IgH a and IgH b Tg mice of ages ranging from 10 to 44 wk were examined by histology and FACS. Unexpectedly, we found that RF ϩ (i.e., 4-44 ϩ ) GCs were common in the follicles of most normal Tg BALB/c spleens (Fig. 1G, M ). GCs were also found in MRL ϩ/ϩ spleens ( Fig. 1, H ϩ GCs (Fig. 1, E, F , K, L, Q, and R). The absence of RF ϩ GCs in the IgH b mice demonstrates that the RF ϩ GCs in BALB/c and MRL ϩ/ϩ mice were spontaneously induced by self-Ag. These data are quantitated in Fig. 2A and corroborated by FACS data presented below.
Although both normal BALB/c and autoimmune-prone MRL ϩ/ϩ strains had RF ϩ GCs, they had few dark staining 4-44 ϩ cells outside of follicles (Fig. 1, A-C , G-I, and S-U). In contrast, MRL/ lpr mice had very few RF ϩ GCs but rather had large numbers of RF AFCs at the T zone-red pulp border (Figs. 1, C, I , and O, and 2A), as reported previously (25) . These darkly staining extrafollicular cells very likely represent AFCs, as documented in detail in Ref. 27 . In agreement with the histology, the median numbers of AFCs/million splenocytes in the Tg BALB/c, MRL ϩ/ϩ were 25-and 16-fold lower than in MRL/lpr mice, respectively (Fig. 2B) .
Because MRL ϩ/ϩ mice develop autoimmunity much later in life than MRL/lpr mice (30), we also examined spleens from Tg MRL ϩ/ϩ IgH a mice 40 wk of age and older. These spleens had RF ϩ GCs (Fig. 1 , J and P), like those of younger mice. However, in contrast to the younger mice, the spleens of older mice had clusters of darkly staining ϩ cells at the T zone-red pulp border, similarly to younger Tg MRL/lpr mice (Fig. 1D ). Thus, with sufficient age, RF B cells were driven by autoantigen to AFC production, even in Fas-intact but autoimmune-prone mice. Failure to regulate RF B cell AFC differentiation was specific to the MRL strains, because even older BALB/c mice never developed appreciable numbers of such cells (data not shown). (27) , they would have been included in the FACS analysis. Their failure to accumulate is most likely because the AFCs are plasmablasts, and their rapid death rate prevents substantial numerical accumulation (27) .
Autoantigen drives the accumulation of RF B cells in BALB
CD22 is down-regulated on AFCs, but expressed at normal levels on mature and activated B cells (27) congenics, they were nonetheless activated, as indicated by the increased fraction of them that expressed CD44 and CD80 (Fig. 3 , I, L, P, and Q).
Because GC cells are CD22 high and express activation markers like CD80, it was not surprising that we found increased numbers of 4 presence of autoantigen, but they also accumulate RF B cells with a resting phenotype. Such accumulation could represent resting RF memory B cells that had been activated previously and/or naive B cells that are positively selected in the presence of autoantigen but without frank activation (31) (32) (33) .
Immunization with IgG2a-containing immune complexes (ICs) induces a strong GC response but a very weak AFC response in all strains
Data presented above show that Fas-sufficient mice activate B cells and make GCs, but generate few AFCs; whereas, Fas-deficient mice generate few GCs in spleen but large numbers of AFCs. This could be due to inherent differences between B cells in these strains. Alternatively, it is possible that the nature of the autoantigen stimulus is different in each strain and that this determines the quality of the response.
To investigate these possibilities, we immunized Tg BALB/c and MRL/lpr mice (and their IgH b allotype congenics) with IgG2a-containing ICs comprised of IgG2a a anti-TNP and TNP-KLH in alum. We used 5-to 6-wk-old mice; Tg MRL/lpr mice at this age do not have spontaneous ϩ AFCs, and their splenic architecture is normal (26) . All strains formed RF ϩ GCs, histologically similar to those that formed spontaneously in Tg BALB/c mice (Fig. 4, E-H) . However, very few 4-44 ϩ AFCs were formed, even in the Fas-deficient or IgH b mice, as indicated by a lack of darkly staining 4-44 ϩ cells outside of follicles (compare with Fig.  1, I and J) and as confirmed by ELISPOT analysis (data not shown). Responses in all strains were also similar on days 5 (data not shown) and 12 (Fig. 4, I and J, and data not shown). These results indicate that ICs of IgG2a and foreign protein are sufficient to stimulate RF B cells, but they elicit mainly GCs rather than AFCs, regardless of strain background. Because Tg MRL/lpr mice form GCs in response to immunization, we conclude that the absence of spontaneous RF ϩ GCs in MRL/lpr spleens ( Fig. 1) was due neither to an inherent inability of the RF B cells to form GCs nor to an environment that could not support GCs. Rather, these results make it more likely that either the endogenous form of the IgG2a autoantigen is different from injected ICs, leading to a different quality of B cell stimulus and thus differentiation path, or that other accessory factors in the mice (e.g., costimulatory signals) differ in the induced vs spontaneous response. Finally, because GCs but not AFCs were induced in both IgH a and IgH b congenics, we conclude that the presence of the endogenous autoantigen does not suppress the RF response.
Activation of RF B cells in the lymph node (LN)
Having defined autoantigen-specific RF B cell activation in the spleen, we next investigated LNs. Like the spleen, MLNs of Tg BALB/c and MRL ϩ/ϩ mice frequently had 4-44 ϩ GCs (Fig. 5) . As for the spleen, such GCs were absent in IgH b congenics (data not shown), indicating that those in IgH a mice are autoantigen driven. Despite the absence of RF ϩ GCs in their spleens, a fraction of MRL/lpr mice did have RF ϩ GCs in MLNs (Fig. 5 , C and G) and Peyer's patches (data not shown). BALB/c and MRL/lpr mice had similar average numbers of ϩ GCs in their MLNs, whereas MRL ϩ/ϩ mice had three times as many (Fig. 5D) . In addition to GCs, most MRL/lpr and some MRL ϩ/ϩ MLNs also had numerous darkly staining 4-44 ϩ cells occupying large portions of the medullary region (Fig. 5, B and C) ; the dark staining and characteristic location indicate that these cells represent AFCs. A qualitative assessment of these indicated that MRL/lpr MLNs had approximately three times as many of these cells as the MRL ϩ/ϩ MLNs (Fig. 5H) . These dark-staining cells in the medulla were absent in BALB/c MLNs (Fig. 5, A and H) . Thus, at the level of GC formation, regulation of autoreactive RF B cells is lost in all three strains in LN, but only MRL/lpr and MRL ϩ mice had AFCs. Consequently, in the LN, like in the spleen, a tolerance mechanism that prevents AFC formation operates in BALB/c mice but is only partially effective in MRL ϩ mice and is ineffective in MRL/lpr mice.
Different patterns of somatic mutations in BALB/c and MRL/lpr GCs
Considering that BALB/c mice are not autoimmune-prone, we did not expect to find autoantigen-driven RF ϩ GCs in both spleen and LNs. It would seem risky to allow selection of higher affinity mutant (autoreactive) B cells, as could occur in the GC. Therefore, it was important to determine whether such selection was regulated in any way within BALB/c GCs. Because GCs were present in the MLN of all three strains, there was an opportunity to compare across strains the degree of somatic hypermutation and the patterns of these mutations that reflect selection.
4-44
ϩ GCs from MLNs of Tg BALB/c, MRL ϩ/ϩ, and MRL/ lpr mice were microdissected, and the endogenous V8 L chains were sequenced (25) . PCR products using V8-specific primers (and containing V8 -19 or V8 -28 genes; Ref. 25 ) were readily recovered from nearly all microdissections, confirming the histologic identification of ϩ GCs. Sequence analysis revealed significant differences among the phenotypically similar GCs in the three strains. There were 2.6, 4.2, and 5.1 mutations per sequence in the BALB/c, MRL ϩ/ϩ, and MRL/lpr GCs, respectively ( p Ͻ 0.001 for BALB/c vs MRL/lpr; p ϭ 0.03 for BALB vs MRL ϩϩ; and p ϭ not significant for MRL ϩ/ϩ vs MRL/lpr). The BALB/c GCs were also more polyclonal: for every 100 cells within the BALB/c, MRL ϩ/ϩ, and MRL/lpr GCs, there were 12, 9, and 5 different clones, respectively (Fig. 6 , A-C, and analysis not shown). The smaller number of mutations and greater number of clones in BALB/c GCs both indicate less clonal expansion compared with the MRL strains.
The differences in mutation frequency and clonal composition also suggest that selection of RF B cells was different in these GCs. Differences in selection are also reflected in the shapes of the genealogic trees that are derived from the patterns of shared and unique mutations (34) . From each microdissection, we used maximum parsimony to reconstruct genealogic trees that reflect clonal evolution. To quantitate the extent of branching in these trees, each ϩ AFCs, which would stain more darkly than the GCs and would be at the border of the red pulp or in the red pulp. Each panel is representative of at least three mice per group, all with similar appearance. mutation was given a "branch" or "trunk" designation, depending on its position in the genealogical tree (see Fig. 6 , A-C, and legend); then the distributions of all mutations from each strain were plotted as pie charts (Fig. 6, D-F) .
Genealogic trees without any selection should have many branches, and nearly all mutations should be branch mutations, a result of the mutation rate of ϳ1 mutation/cell/division (35) . Selection of mutant cells (either positive or negative) will distort the "natural" shape of the trees, and the type of selection will affect the resultant shape (36) . It is clear that trees from BALB/c LN are shaped differently from the MRL ϩ/ϩ and MRL/lpr-derived trees. BALB/c trees had shapes resembling blades of grass. Most of the mutations were "trunk unbranched" mutations, with very few branch mutations. This indicates that most of the BALB/c mutants did not survive, either because of negative selection against autoreactive cells or more likely failure to positively select. Lack of selection that would lead to oligoclonal expansion is consistent with the larger number of clones and few mutations/sequence found in BALB/c GCs. In contrast, trees from Tg MRL ϩ/ϩ and MRL/lpr GCs were bushier, with a much higher proportion of branch mutations, as well as trunks with branches above them (Fig.  6, B, C, E, and F) . This indicates that, at the least, there is positive selection for certain mutants and may also indicate less stringent negative selection. This view is also consistent with the low replacement: silent ratios in CDRs of BALB/c GCs (data not shown). These differences in mutation number, clonal composition, and tree shape all indicate that BALB/c GCs, in contrast to MRL ϩ/ϩ or MRL/lpr GCs, do not efficiently generate expanded clones of mutant RF B cells. , and MRL/lpr (C) mice. Individual clones were assigned to a position in a genealogical tree on the basis of shared and unique mutations. All members of a tree are from a single GC, although some GCs yielded more than one tree (e.g., A). Bases of trees show the six nucleotides at the VJ junction of the parental germline rearrangement. By convention, sequences that shared junctions but no other mutations are depicted in separate trees, because there are many clones with the same canonical VJ junction. The serial numbers of sequenced clones from each pick are written inside the circles, with the pick name followed by the clone number. Numbers in parenthesis indicate the number of identical clones retrieved from each pick. For example, in the BALB/c tree (A), the sequence 20b4-47 was identical with four other sequences obtained from the 20b4 pick. Mutations and their codon position are written on the sides of branches, with affected regions (either CDR or framework region (FR)) in parenthesis. Amino acid changes are written below the codons. Silent mutations are in italics. Sequences written in red are nonviable sequences that have resulted from an insertion, deletion, or a stop codon mutation. Dark circles represent inferred precursors and intermediates in clonal evolution, which were not recovered. D-F, Pie charts representing the distribution of mutations among the branches of genealogical trees inferred from V region sequences from GCs of each strain. Mutations were classified according to their occurrence in the genealogical trees as follows: T(Un) and T(Br) are both mutations shared by all sequences of a tree. Unbranched (Un) mutations are those in trunks without branches above them, and branched (Br) mutations are those in trunks that do have branches extending from them. Branch mutations were labeled B(1-n), depending on the level of branching on the tree. Examples of each of these categories are written in blue on the trees (A-C). Data are derived from microdissections of 10 BALB/c, 9 MRL ϩ/ϩ, and six MRL/lpr GCs from which were obtained 62, 49, and 36 unique sequences.
Discussion
B cells that recognize self can escape the dominant mechanisms of central tolerance (23, (37) (38) (39) . It has been widely assumed that these escaped cells are quiescent in the peripheral lymphoid tissues of normal animals (40) . It is felt that peripheral autoreactive B cells are regulated by clonal anergy or are clonally ignorant and do not sense the presence of self-Ag; or if activated, they are quickly eliminated (41) . In this study, we demonstrate that this is not always the case: we show that RF B cells are activated and participate in GC reactions in the periphery of BALB/c mice. Moreover, this activation specifically requires the presence of self-Ag.
This demonstration that disease-related autoreactive B cells can be activated by autoantigen to the point of GC development in normal individuals is important because it expands and alters our view of how autoimmunity is normally kept in check. All of the previously known regulatory checkpoints for self-reactive B cells operate to prevent initial activation or to eliminate cells quickly after they are activated (41) (42) (43) (44) (45) (46) . In this study, we have found two new ways by which autoreactive B cells are prevented from causing harm to the host even after they have been activated.
First, the generation of RF AFCs was suppressed in BALB/c mice, whereas MRL/lpr mice and older MRL ϩ/ϩ mice generated large numbers of AFCs (Figs. 1-3 ). We propose that the suppression of AFC formation serves to prevent the harmful effects of pathogenic autoantibodies. Blocking AFC generation, however, would not fully prevent the adverse effects of activating autoreactive B cells. Such B cells could also promote autoimmunity by acting as APCs for pathogenic self-reactive T cells (47, 48) . Thus, the generation in GCs of high-affinity RF B cells is likely to be detrimental. The second means by which RF responses were restricted in BALB/c mice addresses this potential problem: there was less clonal expansion and weaker selection of mutants in GCs of normal BALB/c mice than in MRL/lpr or MRL ϩ/ϩ GCs (Figs. 5 and 6). Such regulation of clonal expansion and selection of mutants would naturally limit the generation of high-affinity RF B cells. We propose that controlling selection and clonal expansion of autoreactive cells in the normal GC is an additional form of self-tolerance.
How are AFC formation and selection in GCs regulated in BALB/c mice compared with MRL mice? Such regulation could be B cell intrinsic, or relate to exogenous factors like T cell help or regulation or even the form of autoantigen present in the different strains. Whether the regulation is B cell intrinsic or simply reflects the requirement for certain forms of Ag that are more prevalent in autoimmune-prone mice, such mechanisms would constitute tolerance checkpoints in that they result in the restriction of autoreactive B cell immune responses in terms of differentiation and affinity maturation.
With regard to B cell intrinsic mechanisms, MRL ϩ or MRL/lpr B cells themselves may be more likely to undergo AFC differentiation and/or to survive in the GC. The differences between Fasdeficient and sufficient strains demonstrate that Fas plays a role. This could be intrinsic to the B cell, because GC B cells express Fas (49 -51) . There is genetic evidence in MRL/lpr of a B cellintrinsic defect that leads to autoimmunity (52) (53) (54) . Fas, which transmits a death signal (55) , could therefore serve to regulate GC responses as has been suggested for GC responses to model hapten Ags (56) . Fas is also expressed on AFCs (49, 50) , but there is little data on whether Fas normally influences AFC development.
Because older MRL ϩ/ϩ, but not BALB/c, mice do make RF AFCs, Fas cannot be the only explanation for RF AFC development in the autoimmune-prone strains. Some of the polymorphic genes associated with the MRL autoimmune phenotype (57, 58) must play a role in promoting AFC formation in the Fas-sufficient MRL mice. Although chimera experiments suggest a role for intrinsic B cell defects in MRL ϩ mice (53, 59) , whether any of the already-identified MRL genes are expressed in B cells has not been reported. Nonetheless, in New Zealand Black/New Zealand Whitebased models of systemic autoimmunity, there are clear examples of genes with polymorphisms associated with autoimmunity that are expressed in B cells (60 -62) .
B cell-extrinsic factors could also determine whether autoreactive B cells differentiate into AFCs and are selected in GCs. These include the form and concentration of the autoantigen as well as stimulatory and regulatory roles of T cells. Certain forms of the RF autoantigen may be required to provide the signals needed to induce AFCs. IgG2a complexed with chromatin or CpG-containing DNA (17, 63) is a potent mitogen for RF B cells in vitro. This ligand provides a combination of BCR and TLR-mediated signals. These signals also promote the initiation of AFC differentiation (Ann Marshak-Rothstein, personal communication). In contrast, IgG2a complexed with proteins is a poor inducer of RF B cell proliferation in vitro (17, 63) . It is possible that these in vitro findings are paralleled in vivo in AM14 Tg mice. Supporting this notion, immunization with IgG2a anti-protein ICs did not induce AFCs in any of the strains but instead elicited a GC response (Fig.  4) . If form of autoantigen controls the nature of the response, we would expect BALB/c mice to have relatively small amounts of DNA-containing ICs and possibly more of classical antiprotein ICs. In this view, MRL/lpr mice should have high levels of DNAcontaining ICs, as has been shown to be the case (64) . A number of genes that predispose to systemic autoimmunity might control the levels of DNA-containing ICs and thus the form of the RF autoantigen. For example, natural and artificial mutations that affect clearance of apoptotic cells and ICs, such as deficiency in early complement components or the tyrosine kinase Mer, are associated with systemic autoimmunity (65, 66) . We think that this explanation could well account for the differences between normal and autoimmune-prone mice and could be a way that genetic predisposition could be linked to regulation of B cell activation.
The influence of T cells could also be important in controlling the fates of activated RF B cells. This is easiest to understand for GCs, the complete development of which is known to be T celldependent. T cells have been shown to be hyperreactive in MRL mice and in patients with SLE (67, 68) ; hyperreactive T cells in MRL mice could provide signals that override normal controls that operate in BALB/c mice. Conversely, there is some evidence that CD4 ϩ CD25ϩ T cells can regulate the extent of the GC reaction in normal mice (69) . Such cells can also regulate organ-specific autoimmunity in a variety of model systems (70) . This has been less well-investigated in systemic autoimmunity, with evidence for a role in some but not other model systems (71) . Lupus patients are reportedly deficient in CD4 ϩ CD25ϩ cell numbers (72) . However, we are not aware of a direct test of the function of these cells in regulating the activation of autoreactive B cells in MRL mice, although in a transfer system they can prevent the activation of anti-DNA B cells by T cells that recognize Ag constitutively presented by these B cells (73) .
Although BALB/c spleens and LNs lack RF ϩ AFCs, the presence of RF ϩ GCs in BALB/c secondary lymphoid tissue poses a constant risk for functional autoimmunity. Left unchecked, proliferating and mutating low-affinity self-reactive GC B cell could differentiate into high-affinity memory clones or long-lived AFCs (74 -77). Thus, the normal control of GC dynamics in BALB/c LNs could be an important fail-safe mechanism of tolerance. If GC tolerance mechanisms were to be breached, the type of autoimmunity associated with SLE would result: the generation of highaffinity, isotype-switched autoantibodies.
There is indeed evidence that selection in GCs of humans with SLE is impaired (78) . It is interesting to speculate that failure of GC tolerance mechanisms is what eventually leads to autoimmunity in MRL ϩ/ϩ mice, the GCs of which do not appear as stringently regulated as those in BALB/c. Prior work has suggested that there could be self-tolerance in the GC (79 -81) . These studies did not directly demonstrate this with autoreactive B cells in that two of them used a synthetic hapten toleragen (79, 80) . Hande et al. (81) came closest to this point in showing that Tg-mediated overexpression of bcl-2 led to accumulation of autoreactive B cells during the immune response to a nominal Ag. Our results make a direct link by showing regulation of autoreactive B cells responding to self-Ag and how this is relaxed in lupus-prone mice. Taking all of these results into account, we predict that GCs that cannot properly regulate autoreactive B cells, such as GCs that form ectopically or that are comprised of lymphocytes with intrinsic signaling defects, would be associated with pathogenic autoimmune responses. Indeed, ectopic (and poorly organized) GCs are associated with RA, Sjogren's syndrome, and possibly other autoimmune diseases (82) (83) (84) . The MRL/lpr spleen may represent an extreme in which mutation and selection are entirely dissociated from normal GC structure (25) .
The existence of checkpoints that might regulate autoreactive B cells after they have already been activated highlights the complexity of the problem of preventing autoimmunity while promoting immunity. Although such checkpoints do exist, it is unclear how self and nonself could be discriminated at this stage. Regulation of activated lymphocytes could thus have the side effect of inhibiting responses to pathogens as well as responses to self. However, regulating autoreactive B cells even after their initial activation may have been an evolutionary adaptation to further control autoimmunity while at the same time maintaining immunity to pathogens-two inherently conflicting requirements of a functional immune system (40, 41) .
